Although human infants suffer traumatic spinal cord injury, appropriate animal models have not been developed. The consequences of neonatal injury are not necessarily the same as in adults, so treatments designed for adults may not generalize to infants. Therefore, understanding the effects of traumatic injury to the developing cord is important. In this experiment, mid-thoracic spinal cords of 4-day-old rats were compressed with forceps by 0% (sham), 90% or 95% of the uncompressed width. On postoperative day (POD) 1 or 11, rats were suspended in harnesses and administered L-DOPA to activate locomotor circuits. Slight modifications of interlimb coordination remained on POD 11 following the lesser compression, whereas the amount of hindlimb air-stepping, step rates, step lengths and coordination were reduced and declined post-operatively following the greater compression. Lesions were proportional to severity of compression. Progressive motor dysfunction during air-stepping revealed deficits in descending control of lumbar circuits, whereas previous reports of recovery of overground walking probably reflect activation of reflex mechanisms caudal to the transection.
INTRODUCTION I
N HUMANS, traumatic spinal cord injury (SCI) is, without question, most prevalent in young adult males. Because complete transection of the adult human spinal cord is rare following traumatic SCI, models of contusive/ compressive injury to the spinal cord of adult animals have been developed to aid understanding of the behavioral and pathophysiological changes post-injury. However, approximately 230-500 children younger than 15 years of age sustain SCIs each year, primarily as a result of motor vehicle accidents or domestic violence. Sporting accidents are common causes of SCI in older children and adolescents. Although uncommon, other etiologies of pediatric SCI include injuries from lap-belts, the birthing process, child abuse and C 1 -C 2 subluxation associated with tonsillitis or pharyngitis (Vogel et al., 1997) . Thus, human infants and children are not exempt from SCI, but the neuropathological and behavioral effects of contusion/compression of the developing spinal cord have not been thoroughly investigated in young animals.
Recovery of hindlimb function in neonatal animals has typically been assessed following complete or partial transection of the developing spinal cord. Such experiments have determined that rats have a tremendous capacity for functional recovery when the transection occurs within the first 2 weeks of postnatal life (Stelzner et al., 1975; Weber and Stelzner, 1977) . However, the relationship between severity of contusive/compressive SCI and recovery of function in developing rats is not known, nor is it known how behavioral sequelae following spinal cord contusion/compression compare to those of spinal cord transection. Preliminary results from our lab (McEwen and Stehouwer, 1998) showed that the behavioral and neuroanatomical responses of young rats to mid-thoracic spinal cord compression are dependent on severity of injury, as found for adult rats (e.g., Gale et al., 1985; Gruner et al., 1996; Noble and Wrathall, 1985) . Although the spinal cord of 5-day-old rats was compressed lateral-to-medial by 90% of the uncompressed width for 15 sec, which resulted in significant tissue necrosis, overground walking of those rats was indistinguishable from sham controls during the 10-day postoperative period. In contrast, overground walking was severely impaired in young rats in which the spinal cord was compressed by 95% of the initial width (McEwen and Stehouwer, 1998) . However, we only used subjective ratings of overground walking to assess locomotor function. Rating systems may not be sensitive tests of hindlimb function and overground walking does not enable one to distinguish post-operative changes in the efficacy of descending systems from plasticity caudal to the injury. Furthermore, we only assessed gross morphology of the injured spinal cord. The purpose of the present experiment was to quantify parameters of limb movement during air-stepping, as well as lesion size, following compression of the spinal cord of young rats.
Infant rats do not spontaneously walk overground using a raised, quadrupedal posture until around postnatal day (PND) 15 (Altman and Sudarshan, 1975) . Therefore, L-DOPA-induced air-stepping has been used to study locomotor development in newborn rats because postural demands are eliminated and locomotor development can be studied in vivo. Briefly, neonatal rats are suspended in harnesses to eliminate postural demands and administered 100 mg/kg (sc) L-DOPA (see McCrea et al., 1994) to activate locomotor circuits. Under those conditions, L-DOPA reliably induces coordinated air-stepping of all four limbs in 5-to 20-day-old, intact rats Van Hartesveldt et al., 1991) . However, L-DOPA-induced hindlimb air-stepping is virtually eliminated following mid-thoracic spinal cord transection (Iwahara et al., 1991; McEwen et al., 1997a) . Thus, it is likely that any L-DOPA-induced hindlimb stepping following spinal cord compression is dependent on residual descending fibers; conversely, any deficits that are found are likely to result primarily from damage to descending fibers.
MATERIALS AND METHODS

Subjects
Subjects were 45 Sprague-Dawley rat pups, born in the vivarium in the Department of Psychology at the University of Florida. Litters were culled to 10 pups within 24 h of birth, with the day of birth designated as PND 0, and remained with their dams in the colony rooms on a 12:12 h light-dark cycle until the day of surgery (PND 4) and behavioral testing (PND 5 or 15). Each subject was tested only once.
Surgery
All surgical techniques were performed under aseptic conditions. A split-litter design was used and surgery was performed on three litters of rat pups on the same day. On PND 4, rats from each litter were anesthetized by hypothermia and dorsal incisions were made in the skin and underlying muscles. Muscles were retracted and a midthoracic laminectomy was performed. The coordinate system of a micromanipulator was used to measure the width of the mid-thoracic spinal cord so the spinal cord could be compressed by any desired percentage of the initial, uncompressed width. Based on the methods of Gruner et al. (1996) , tips of a pair of fine forceps (no. 5 Dumont), modified to close flush against one another, were inserted between the vertebral column and the lateral margins of the spinal cord. Forceps remained in place for 15 sec for rat pups of the sham surgery groups, after which the injury site was irrigated with saline and the incision was closed in layers using silk sutures. Spinal cords of remaining pups from each litter were compressed by 90% or 95% of the initial spinal cord width by slowly closing the arms of the forceps and holding them for 15 sec against an automotive ignition gauge, previously set to the desired thickness and inserted between the arms of the forceps. Using a previously determined mean spinal cord width of 1.4 mm (McEwen and Stehouwer, 1998) , spinal cords were compressed to widths of 0.14 or 0.07 mm for each group of rats, respectively. Injury sites were irrigated with saline and the incisions were closed as described. For all pups, the wound was covered with New Skin liquid bandage (Medtech Laboratories, Jackson, NY) to prevent the sutures from wicking and to deter the dam from gnawing on the sutures. All pups were earmarked and placed onto a heating pad for 2-3 h to recover. Two-thirds of the rats from each litter were crossfostered so each dam received pups from only one surgery group and two-thirds of each surgery group consisted of cross-fostered pups. Rat pups were kept with the dams in the colony rooms until behavioral testing. Bladders of MCEWEN AND STEHOUWER spinally-injured pups were not expressed manually because micturition was induced by the dams.
Apparatus and Behavioral Testing
Fifty mg of L-DOPA were dissolved in 150 ml distilled water and 350 mL 1 N hydrochloric acid, then diluted with 4.5 ml 0.1 M Na 2 HPO 4 . On either postoperative day (POD) 1 or 11 (PND 5 or 15), subjects were administered L-DOPA (100 mg/kg, sc) in the nape of the neck in a volume of 10 mL/g body weight. After the injection, subjects were immediately placed into harnesses and suspended inside the test chamber. The testing apparatus was an incubator that had been fitted with two mirrors, each situated at a 45°angle to the axis of symmetry of the subject. Rat pups were suspended in front of the mirrors by harnesses (harness widths: 1.3 cm for 5-day-olds, 2.2 cm for 15-day-olds) that supported the trunk against a stay, but allowed free movement of the limbs. The mirror arrangement enabled a simultaneous view of the left and right sides of each subject to be recorded during air-stepping. With the onset of L-DOPA-induced air-stepping (approximately 10-15 min postinjection), each animal was videotaped for 15 min using a camcorder with a highspeed shutter. Infant rats have a limited ability to thermoregulate, so the temperature of the test chamber was kept at 35°C for the 5-day-olds, but remained at ambient room temperature for the 15-day-olds. Five subjects comprised the group of rats tested on POD 11 following 95% compression of the spinal cord and eight subjects comprised each of the other five experimental groups.
Histology
Following completion of all behavioral testing on PND 5 or 15, subjects were deeply anesthetized with sodium pentobarbital and perfused through the heart with heparinized saline and 10% formalin. The entire vertebral column was removed, placed in the same fixative for 1 week and transferred to 30% sucrose-formalin for at least 3 days. The spinal cord was then dissected free and the lesion site was embedded in albumin-gelatin. Using a freezing-stage sliding microtome, 40-mm transverse (coronal) sections were cut, mounted on chrom-alum gelatin-coated slides and allowed to air-dry. Serial sections were stained with 0.1% cresyl violet, dehydrated with graded alcohols, cleared in xylene and coverslipped with Permount.
Data Analyses
Using software written by one of the authors (D.J.S.), behavior of the animals was analyzed for the effects of surgery and POD on gross changes in the locomotor behaviors/gaits used by the subjects and for differences in the limb movements during coordinated air-stepping (step length, step rate, durations of protraction and retraction, inter-and intralimb coordination and amplitudes of movement at each joint).
Gross analyses. On POD 1 or 11, behavior of each animal during the 15-min session was scored as belonging to the following nine categories: Each of the nine behavioral categories was assigned to a key on a computer keyboard so that the onset and offset of each behavior could be recorded as it was displayed by the subject. Data from each POD were analyzed using two-factor analyses of variance (ANOVAs) with one repeated measure (surgery 3 behavior).
Kinematic analyses. For each animal, an episode of stepping that involved all four limbs was analyzed kinematically. One-hundred successive frames (sampling rate of 30 frames/sec) were digitized by projecting the image of each subject onto a digitizing tablet. Cartesian coordinates of the images of the snout and rump on the digitizing tablet were entered via a stylus and used to calibrate the tablet in bodylengths. Similarly, x-y coordinates of each joint and toes for all four limbs were entered to analyze step length, interlimb coordination, intralimb coordination and the amplitude of movement at each joint. The same set of step cycles was analyzed in slow-mo-SPINAL CORD COMPRESSION IN NEONATAL RATS tion (1/26th normal speed) to measure step rate and durations of protraction and retraction. The angles at the hip and shoulder were calculated in reference to an imaginary line extending from the hip, through and rostral to, the homolateral shoulder. Stride length is typically calculated as the distance between footfalls of successive steps of a given limb, but because the subjects were suspended in the air, stride length could not be calculated in that manner. Therefore, the difference between the foremost and the hindmost positions of the toes was used as a measure of step length, which was approximately equal to one-half of the stride length as it is conventionally measured. Those positions of the toes also demarcated the onsets of the retraction and protraction phases of the step cycle, respectively (Fig. 1) . Interlimb coordination was determined by comparing the onset of the retraction phase of each step cycle of the left forelimb or left hindlimb (reference limbs) to the onset of retraction of the other limbs. Regardless of the phase of the step cycle during which each joint reached maximum flexion, intralimb coordination was determined by comparing the onset of extension of a reference joint (elbow or ankle) during each step cycle to the onset of extension of the other two joints of that limb.
Three-factor ANOVAs with one repeated measure (surgery 3 POD 3 limb/joint) were conducted on measures of coordination between heterolateral limbs and between forelimb and hindlimb joints. Two-factor ANOVAs (surgery 3 POD) were used to analyze coordination between diagonal limbs and forelimb and hindlimb step rates, durations of protraction and retraction, step lengths and amplitudes of movement at each joint. Because hindlimb step rates were slower than those of the forelimbs in some rats that received the lesser spinal cord compression, coordination between diagonal limbs was measured only on the three of eight rats on POD 1 and the seven of eight rats on POD 11 whose foreand hindlimb step rates were approximately equal for at least 3.33 sec. On POD 11, hindlimb air-stepping of two of five rats that received the greater spinal cord compression was extremely slow, resulting in too few step cycles within the time window to enable determination of coordination between heterolateral hindlimbs. Thus, the sample size was three for that experimental group for that parameter of limb movement. Post-hoc analyses were conducted using Duncan's new multiple range test (a 5 0.05).
Morphometric analyses. Lesion size was quantified in two ways. First, the section through the lesion that subjectively depicted the greatest amount of tissue loss was designated as the epicenter of the lesion. That section was then magnified with a microprojector (Bausch and Lomb) and drawn onto scientific graph paper. The reproduced image was placed onto a digitizing tablet, which was calibrated in millimeters, and a stylus was used to trace all pieces of central nervous system tissue. A computer was used for subsequent determination of the cross-sectional area of spinal cord tissue at the lesion epicenter. Wallerian degeneration and fibrous scarring were not apparent in the tissue sections, but tissue characteristic of reactive astrocytes (Reier et al., 1989) was not included in the analysis. Second, lesion length was estimated by counting the number of tissue sections in which there was clear degeneration of spinal cord tissue and then multiplying the number of sections by section thickness. Two-factor ANOVAs (surgery 3 POD) were used to analyze data on the amount of tissue at the lesion epicenter and lesion length following injury. Due to a change in histologic procedures, tissue from rats tested on POD 11 was available only from seven of eight rats that received the lesser compression and four of five rats that received the greater compression. Post-hoc analyses were conducted using Duncan's new multiple range test (a 5 0.05).
RESULTS
Gross analyses
Rats administered L-DOPA on POD 1 following sham surgery primarily stepped with all four limbs, in which steps by diagonal limbs were coordinated in time. One day following the lesser spinal cord compression, coordination between brachial and pelvic limb girdles was disrupted, resulting in a decrease in 4-step and an increase in 2FL/2HL step. One day following the greater spinal MCEWEN AND STEHOUWER 1386 FIG. 1. This cartoon depicts the positions of the left forelimb (FL) and the left hindlimb (HL) of a rat as they may appear during L-DOPA-induced air-stepping. A computer was used to calculate step length for each step cycle by comparing the foremost (solid line) and hindmost (dashed line) positions of the toes of each limb as they moved in a plane parallel to the long axis of the body. Also shown are the angles used to calculate the amplitude of movement about each forelimb (S, shoulder; E, elbow; W, wrist) and hindlimb (H, hip; K, knee; A, ankle) joint. cord compression, not only was coordination between limb girdles disrupted, resulting in an increase in 2FL/2HL step, but the amount of hindlimb stepping was also reduced, resulting in increased amounts of 2FL/1HL step and FL alternation. Those findings resulted in significant effects of behavior [F(8, 168) (Fig. 2) .
The main pattern of limb movements of rats tested on POD 11 following sham surgery or the lesser compression was 4-step. In addition, rats of those two groups made normal transitions from 4-step to FL extension/HL alternation, by passing through 1 FL/2 HL step. In contrast, coordination between brachial and pelvic girdles was still disrupted on POD 11 following the greater spinal cord compression, resulting in a decrease in 4-step and an increase in 2FL/2HL step. The amount of hindlimb stepping was also reduced on POD 11 in those rats, resulting in increased amounts of 2FL/1HL step and FL alternation. In addition, rats that received the greater compression never made the transition to FL extension/HL alternation. Those findings resulted in significant effects
2. This figure shows the mean percent of session that rats of each experimental group engaged in each of the nine behaviors. On POD 1, the lesser spinal cord compression disrupted coordination between brachial and pelvic limb girdles, but by POD 11, the behavioral repertoire of those rats was similar to sham controls. In contrast, the greater spinal cord compression severely disrupted hindlimb air-stepping and coordination between limb girdles on PODs 1 and 11. FL, forelimb; HL, hindlimb; Alt., alternation; Ext., extension.
of behavior [F(8, 144) (Fig. 2) .
Step Rate Step Length Ontogenetic increases in forelimb step rates (6SEM) were not significantly altered by mid-thoracic spinal cord compression, whereas ontogenetic increases in hindlimb step rates were only apparent when rats received either sham surgery or the lesser spinal cord compression. Hindlimb step rates were significantly reduced following the greater spinal cord compression. On this and all subsequent figures, error bars represent the standard errors of the means; error bars that are not visible are smaller than the symbols.
FIG. 4.
Ontogenetic increases in forelimb step lengths were not significantly altered by mid-thoracic spinal cord compression. Although hindlimb step lengths of rats of the three surgery groups did not differ on POD 1, hindlimb step lengths increased in a similar fashion during the postoperative period in rats that received sham surgery or the lesser spinal cord compression, but decreased in rats that received the greater compression.
POD 11 in rats that received sham surgery or the lesser spinal cord compression, but decreased in rats that received the greater compression [F(2, 39) 5 22.61, p , 0.001; Fig. 4 ].
Coordination
Despite the effects of spinal cord compression on hindlimb step rate and step length, phase differences between movements of heterolateral limbs (Fig. 5A,B) were approximately 0.5 in all groups of rats. However, variability in hindlimb coordination was high on POD 11 for rats that received the greater compression because coordination could be determined for only three of five rats and only one of those rats consistently stepped with a phase difference near 0.5 on each consecutive step cycle. During episodes of 4-step in rats that received the lesser compression (three of eight rats on POD 1; seven of eight rats on POD 11), the right hindlimb stepped slightly ahead of the left forelimb, whereas the right hindlimb stepped slightly behind the left forelimb in rats that received sham surgery [F(1, 22) Hindlimbs of rats that received the greater compression stepped much more slowly than the forelimbs (Fig. 3) and no coordination between limb girdles was apparent.
In all groups of rats, forelimb air-stepping was characterized by extension at the wrist, followed by extension at the elbow and, finally, at the shoulder [F(1, 39) and hindlimbs (B) stepped in alternation in all groups of rats, but variability was high on POD 11 during hindlimb stepping of rats that received the greater compression. During 4-step, the left forelimb (reference limb) stepped slightly behind the right hindlimb following sham surgery and stepped slightly ahead of the right hindlimb following the lesser spinal cord compression (C). Hindlimbs of rats that received the greater spinal cord compression stepped more slowly than the forelimbs with no apparent coordination between girdles.
18.50, p , 0.001], POD 3 joint [F(1, 38) 5 4.81, p , 0.05] and surgery 3 POD 3 joint [F(2, 38) 5 6.52, p , 0.01] on intralimb coordination of the hindlimbs. Following sham surgery, hindlimb movements were characterized by extension at the knee, followed by extension at the ankle and, finally, at the hip. Following the lesser compression, the knee extended earlier in the step cycle on POD 11 than in sham controls (p , 0.05). Following the greater compression, the knee extended later in the step cycle on POD 1 than in sham controls (p , 0.05) so that extension of the knee and ankle were nearly synchronous; on POD 11, the hip extended earlier in the step cycle (p , 0.05) and the knee extended later in the step cycle (p , 0.05), relative to sham controls, so that extension of all three hindlimb joints was nearly synchronous in those rats (Fig. 6) .
Amplitude of Joint Movement
The amplitude of movement at the elbow generally decreased during the postoperative period, while amplitudes of movement at both the shoulder and wrist increased in an age-dependent fashion in rats of all three surgery groups [F's(1, 39) . 7.75, p's , 0.01]. However, the amplitude of movement at the elbow changed very little during ontogeny following the greater spinal cord compression, resulting in a significant effect of surgery 3 POD [F(2, 39) 5 3.88, p , 0.05] for that joint. The only joint of the hindlimb that was significantly affected by surgery or POD was the ankle. The amplitude of movement at the ankle increased similarly during the postoperative period in rats that received sham surgery or the lesser compression, but was greatly reduced on POD 11 in rats that received the greater compression. Those findings resulted in a significant surgery 3 POD interaction [F(2, 39) 5 10.96, p , 0.001; Fig. 7 ] on the amplitude of movement at the ankle.
Lesion Size
At the time of sacrifice, most lesions were located at vertebral T 7 . However, the rostral-most lesion was located between vertebral T 4 and T 5 and the caudal-most lesion was located between vertebral T 8 and T 9 . Gray matter was completely lost in most tissue sections and the amount of white matter at the lesion epicenter was dependent on the severity of the compression. However, no distinction was made between gray matter and white matter during quantification of the amount of central nervous system tissue at the lesion epicenter. Spinal cord compression resulted in central cavitation in most spinal cords, which was filled with blood on POD 1 in rats of both compression groups. 6 . In all groups of rats, forelimb air-stepping was characterized by extension at the wrist, followed by extension at the elbow, and finally at the shoulder. Hindlimb air-stepping of rats that received sham surgery or the lesser compression was characterized by extension at the knee, followed by extension at the ankle and finally at the hip. In contrast, hindlimb stepping of rats that received the greater spinal cord compression was characterized by nearly synchronous movements of the knee and ankle on POD 1 and by nearly synchronous movements of all three joints on POD 11. ity in one of eight spinal cords on POD 1 and in two of seven spinal cords on POD 11. In those cords in which a central cavity developed, the white matter ring was loosely woven and ranged in thickness. Specifically, tissue thickness was 0 mm to 250 mm on POD 1 and 50 mm to 450 mm on POD 11 in rats that received the lesser compression and was 0 mm to 500 mm on POD 1 and 0 mm to 225 mm on POD 11 in rats that received the greater compression. Representative tissue sections from rats of each experimental group are included as Figure 8 Figure 9 shows that relative to sham controls, the amount of tissue at the lesion epicenter was reduced on PODs 1 and 11 in rats that received a spinal cord compression (p's , 0.05). Although there was no significant difference on POD 1 (p . 0.05), there was significantly more tissue at the lesion epicenter on POD 11 in rats that received the lesser compression, than in rats that received the greater compression (p , 0.05). As found for sham controls (p , 0.05), the amount of tissue at the lesion epicenter increased significantly during the postoperative period in rats that received the lesser spinal cord compression (p , 0.05). In contrast, the amount of tissue at the lesion epicenter did not change significantly during the postoperative period in rats that received the greater compression (p . 0.05). Lesions were longer in rats that received the greater compression than in rats that received the lesser compression [F(1, 23) 
DISCUSSION
The aim of the present experiment was to use kinematic analyses of air-stepping to quantify motor competence and its recovery following compression of the spinal cord of neonatal rats and to correlate behavioral performance with lesion size. In the present experiment, hindlimb motor function of neonatal rats with compressive injuries to the spinal cord was dependent on severity of injury, as previously reported for adult animals (e.g., Gale et al., 1985; Gruner et al., 1996; Noble and Wrathall, 1985) . Despite spinal cord cavitation and significant tissue loss at the lesion epicenter, rats that received the lesser compression suffered only minor alterations to locomotion. There was an initial loss of coordination between diagonal limbs, which recovered by POD 11 in most rats. During episodes of 4-step, forelimb movements consistently led hindlimb movements in
Except for a slight increase in the amplitude of movement at the elbow on POD 11 in rats that received the greater compression, ranges of motion of the forelimb joints were similar in rats of the three surgery groups. Except for a significant decrease in the amplitude of movement at the ankle on POD 11 following the greater spinal cord compression, ranges of motion of the hindlimb joints were also similar in rats of the three surgery groups.
sham-operated rats, which is different from the nearlysynchronous air-stepping of diagonal limbs of unoperated rats (see McEwen et al., 1997b) and probably reflects nonspecific effects of sham surgery on spinal cord function. In contrast, forelimb movements consistently followed hindlimb movements in rats that received the lesser spinal cord compression. Although the significance of that finding is not clear, such persistent alterations to L-DOPA-induced air-stepping were not readily detected with the naked eye, which suggests that kinematic analyses aid detection of subtle changes to motor function postinjury. As found for adult animals with incomplete SCIs (e.g., Blight, 1983; Noble and Wrathall, 1985) , gray matter of the developing spinal cord was more vulnerable to spinal cord compression than the white matter. (A,B) , the lesser compression (C,D) or the greater compression (E,F) that were tested for air-stepping on POD 1 or 11, respectively. The amount of central nervous system tissue (t) was subsequently quantified. Also shown are areas depicting dorsal or ventral roots (r), blood (b), and reactive astrocytes (a), none of which were included in the morphometric analyses. Bar 5 250 mm.
of coordinated stepping, persistent alterations in the timing of forelimb and hindlimb movements during 4-step of those rats, relative to that of sham controls, suggests that the lesion also impinged on propriospinal systems to disrupt normal communication between motor circuits of the forelimbs and hindlimbs.
When 4-day-old rats received the greater spinal cord compression, both the quantity and quality of hindlimb air-stepping was severely disrupted and remained impaired throughout the postoperative period. Coincident with longer lesions and greater loss of tissue at the lesion epicenter, relative to rats that received the lesser compression, the hindlimbs of rat pups that received the greater compression stepped less often, stepped more slowly, the steps were shorter and the timing of extension of the hindlimb joints and the amplitude of movement at the ankle were disrupted. In fact, relative to rats that received the lesser compression, step length, intralimb coordination and the amplitude of movement at the ankle of rats that received the greater compression were significantly more impaired on POD 11 than on POD 1.
Step length is dependent on the timing of extension of the individual limb joints, as well as the range of motion at those joints. The short hindlimb steps on POD 11 in rats that received the greater compression were accompanied, not by successive extensions at the knee, ankle and hip, but by nearly synchronous extension at all three joints and reduced amplitudes of movement at the ankle. Coordination between heterolateral hindlimbs was also disrupted throughout the recovery period, as evidenced by great variability in the timing of hindlimb movements both between and within subjects. In addition, those rats never made the normal age-dependent transitions between 4-step and FL extension/HL alternation, a gait that is topographically similar to the adult-like swimming pattern (McEwen et al., 1997b; Shapiro et al., 1970) and was observed on POD 11 in rats of the other two surgery groups. The dramatic reductions in hindlimb motor function and in the amount of tissue at the lesion epicenter in rats that received greater spinal cord compression follows from the complete elimination of spinal cord gray matter and significant loss of white matter where propriospinal, ascending and long descending tracts reside.
Although other investigators have reported a progressive increase in lesion size during the first month following impact injury to the spinal cord of adult rats (e.g., Crowe et al., 1997; Liu et al., 1997) , the amount of tissue at the lesion epicenter of rats of the present experiment did not decrease and lesion length did not increase significantly during the post-operative period. In fact, the amount of tissue at the lesion epicenter increased between PODs 1 and 11 in rats that received the lesser compression or sham surgery. Postoperative increases in the amount of tissue at the lesion epicenter was probably due to several mechanisms. Diameter of axons increase during postnatal development with increased myelination (e.g., Bjartmar et al., 1994; Gorgels et al., 1989) and neuronal somata and dendritic arborization increase in size postnatally (e.g., Tanaka et al., 1992) . Although fibers of most descending systems have reached the lumbosacral spinal cord by birth (Leong et al., 1984) , some of those projection systems are not mature and continue to expand their innervation of spinal circuits during postnatal life. Therefore, late-developing systems that were not injured SPINAL CORD COMPRESSION IN NEONATAL RATS 1393 FIG. 9. This figure shows that there was significant loss of spinal cord tissue at the lesion epicenter in rats of both compression groups relative to rats that received sham surgery. Lesions were longer in rats that received the greater compression, than in rats that received the lesser compression, an effect that was not significantly dependent on POD.
by compression of the 4-day-old spinal cord may continue to grow and innervate targets caudal to the lesion. For example, the distribution and density of catecholaminergic (Aramant et al., 1986; Rajaofetra et al., 1992; Tanaka et al., 1996) and serotonergic (Bregman, 1987; Rajaofetra et al., 1989; Tanaka et al., 1992) systems that descend from the brainstem continue to mature during the first 2-3 postnatal weeks. In addition, the corticospinal tract that originates from the most posterior cortex does not reach the mid-thoracic spinal cord until around PND 7 (Joosten et al., 1987) . Although those projections are normally retracted during development (Joosten et al., 1987) , they may continue to grow caudally in the injured spinal cord to form functional synaptic connections with denervated targets. The extent to which late-developing fiber systems contributed to locomotor function of rats of the present experiments is not clear. However, the amount of tissue at the lesion epicenter of rats that received the lesser compression in the present experiment probably reflects growth of late-developing fiber systems, as well as ontogenetic development of neural systems that survived the injury. It is not clear why the amount of tissue at the lesion epicenter of rats that received the greater compression did not increase during the post-operative period. To the contrary, there tended to be a postoperative decrease (nonsignificant) in the amount of tissue at the lesion epicenter, which suggests continued tissue degeneration. Extracellular levels of amino acids, for example, are more highly elevated for a longer period of time following greater compression of the spinal cord (Faden et al., 1989; Farooque et al., 1996) . Thus, greater hemorrhage, edema, release of excitatory amino acids, etc. in the spinal cords of rats of the present experiment that received the greater compression, relative to rats that received the lesser compression, may have prolonged the processes of necrotic and apoptotic cell death. Furthermore, there is no evidence for neural growth across the lesion site following complete transection of the spinal cord of infant rats (Cummings et al., 1981) or infant cats (Howland et al., 1995) . Therefore, it is also possible that there was not enough tissue at the lesion epicenter of rats that received the greater compression to serve as a scaffold for outgrowing neurons to bypass the mid-thoracic lesion and reach lumbar targets.
Although variability was high, lesion lengths also did not change significantly during the post-operative period in rats of either compression group. Hindlimb rhythmgenerating circuits are distributed in caudal thoracic and lumbar segments (Cowley and Schmidt, 1997; KjÊrulff and Kiehn, 1996; Kremer and Lev-Tov, 1997 ; but see Cazalets et al., 1995) , but the entire extent of the lesion for rats of both compression groups was confined to midthoracic segments. Thus, spinal cord cavitation probably did not impinge directly on hindlimb motor circuits. However, it is important to note that trans-synaptic degeneration of motoneurons caudal to the injury (see Eidelberg et al., 1989 ; but see Bjugn et al., 1997) or apoptotic death of neurons and glia distant from the lesion epicenter (e.g., Crowe et al., 1997; Li et al., 1999; Liu et al., 1997) may have indirectly altered functioning of rhythm-generating circuits.
The "infant lesion effect" refers to the relatively greater sparing and recovery of function following injury to the developing nervous system, than following a similar injury to the adult nervous system (e.g., Bregman and Goldberger, 1982; 1983; Robinson and Goldberger, 1986) . Infant rats gradually recover good hindlimb support and overground walking following complete transection of all descending and propriospinal inputs to hindlimb motor circuits (Stelzner et al., 1975; Weber and Stelzner, 1977) and overground walking improves following incomplete injury to the developing (McEwen and Stehouwer, 1998) or adult (e.g., Gale et al., 1985; Gruner et al., 1996) spinal cord. Results of the present experiment demonstrate persistent deficits and even progressive loss of locomotor function during air-stepping in rats that received the greater compression of the cord. However, there are several differences between the studies that might explain the apparent discrepancies. First, kinematic analyses of movement were used in the present experiment to assess recovery of function, rather than a subjective rating system. Kinematic analyses enable one to detect subtle deficits that may not be apparent by visual observation alone. Second, recovery of drug-induced locomotion was assessed in the present experiment, rather than spontaneous locomotion. Neither dopaminergic nor noradrenergic cell bodies have been found in the mid-thoracic or lumbar spinal cord (Mouchet et al., 1986) . Injury to the mid-thoracic spinal cord may have isolated catecholaminergic terminals of the lumbar cord from their cell bodies in the brainstem. Therefore, conversion of L-DOPA to dopamine and noradrenaline following injury to the mid-thoracic spinal cord was dependent on the functional integrity of neural mechanisms in the distal stump required for uptake of L-DOPA, neurotransmitter synthesis and neurotransmitter release. Although lesion size did not increase significantly between PODs 1 and 11, the progressive decline in air-stepping of rats that received the greater compression of the cord may reflect progressive inactivation of the neural mechanisms of the lumbar cord necessary for production of coordinated airstepping by L-DOPA. Third, the progressive decline of L-DOPA-induced air-stepping following spinal cord compression probably reveals deficits in descending control of lumbar motor circuits by catecholaminergic and possibly serotonergic (Commissiong and Sedgwick, MCEWEN AND STEHOUWER 1979 ; but see Goldstein and Frenkel, 1971; Hollister et al., 1979) systems, whereas previous reports of recovery of overground walking probably reflect activation of reflex mechanisms caudal to the injury site. Reflex-mediated stepping and hopping can be evoked in neonatal rats with complete spinal cord transections (Stelzner et al., 1975; Weber and Stelzner, 1977) , so segmental circuits continue to function, even following isolation from descending inputs. Loading and unloading of the hindlimbs during overground walking may phasically activate peripheral afferents to enhance excitation to denervated hindlimb motor circuits or to provide additional information required for generation of kinematically normal patterns of hindlimb locomotion. In support of this suggestion, L-DOPA-induced hindlimb air-stepping was nearly abolished following mid-thoracic spinal cord transection (Iwahara et al., 1991; McEwen et al., 1997a ), yet the hindlimbs stepped vigorously when brought into contact with a solid substrate (Arnaiz et al., 1997) . Because there was no ground contact during air-stepping of rats of the present experiment, such afferent stimulation was absent, so persistent deficits in hindlimb stepping suggest deficits in descending contributions to hindlimb sensorimotor function. Thus, injury to the infant spinal cord does not always result in good recovery of hindlimb function. Instead, sensorimotor recovery depends on the behavioral test and the combination of supraspinal and segmental mechanisms activated post-injury.
Although our data do not directly bear upon this point, it is important to note that lesion size and hindlimb function post-injury may have been affected by some procedures employed in the present experiment. Rat pups of the present experiment were anesthetized by hypothermia, and cooling of CNS tissue has neuroprotective effects against injury (Hansebout et al., 1975; Ikonomidou et al., 1989; Kuchner et al., 1976; Yu et al., 2000) . In addition, irrigating the injury site with physiological saline may have reduced secondary degeneration post-injury and thus improved hindlimb function (see Faden, 1997; Sabel et al., 1985) . In contrast, L-DOPA has weak excitotoxic effects in vitro (Olney et al., 1990) and monoamines can cause cell death (Faden, 1997; ZilkhaFalb et al., 1997) . Although we did not determine the spinal cord concentrations of L-DOPA or its products, elevated levels of monoamines during the 7-to 10-h delay between behavioral testing and sacrifice may have had adverse effects on tissue survival post-injury. Because injury to the neonatal central nervous system does not necessarily have the same neural or behavioral consequences as injury to the adult central nervous system (see Stelzner et al., 1975; Weber and Stelzner, 1977; Yager and Thornhill, 1997) , it is important to understand the behavioral and neuropathologic effects of trauma to the developing spinal cord so that effective therapeutic strategies can be developed.
